Introduction
Trichomoniasis is caused by infection with the protozoan parasite, Trichomonas vaginalis, and it is the most common sexually transmitted disease of nonviral origin in humans, with an estimated~276 million cases worldwide annually [1] . The infection is mostly asymptomatic or manifests with mild symptoms, but in severe cases, adverse outcomes like stillbirths and abortions can occur during pregnancy [2] . The impacts of trichomoniasis on public health cannot be ignored since it is recognized as a risk factor for elevated transmissions of papillomaviruses and the human immunodeficiency virus as well as the development of progressive cervical and prostate cancers [3, 4] . Moreover, T. vaginalis belongs to the earliest branch outs from eukaryotic lineages and exhibits some intriguing biological features that deviate from eukaryotic paradigms [1, 5] .
The parasite only survives in human hosts, normally in the urogenital tract, where it exists as trophozoites with no alternating cyst stage [2, 6] . It is conceivable that the parasite has unique ways to adapt to its host environments for long-term survival. Studies on the virulence expression of T. vaginalis suggest that the organism penetrates the mucosal layer right after infection and adheres to vaginal epithelial cells, where it can breach epithelial barriers, lyse red blood cells, degrade humoral factors in the host's defense system, elicit chronic inflammation, and change the microbiota [6, 7] . More recently, the parasite was found to secrete exosomes and a macrophage migration inhibition factor-like protein that are implicated in disease progression [8] . Information on the cell biology addressing such parasitic activities remains limited.
Prolonged exposure to iron was shown to promote growth of the parasite and modulate its expressions of several reputed virulence genes [9] [10] [11] . In particular, iron was shown to upregulate transcription initiation of an adhesion protein gene, ap65-1, which also encodes a hydrogenosomal malic enzyme [10, 12] , through its effects on overall expression, nuclear translocation, and promoter entry of three transcription factors, Myb1, Myb2, and Myb3 [13] [14] [15] , each of which has conserved R2R3 DNA-binding domains with helical structures like human c-Myb [16] . Unlike c-Myb, which exploits a cluster of four to six positively charged amino acids (aa) as a nuclear localization signal [17] , the nuclear translocation of Myb2, and Myb3 is mediated by its R2R3 domains [18, 19] . These Myb proteins were all detected in the crude membrane fractions, P15 and P100, as well as Mybassociated vesicles (V Myb ) purified from P15 [20] . The release of Myb1 from V Myb , and hence its nuclear import requires cis-trans interconversion of a 106 GlyPro 107 imide bond catalyzed by TvCyP1 [20] , a cyclophilin-type peptidyl-prolyl isomerase. Unfortunately, stable transgenic expression of Myb1 failed in numerous attempts, hence further study on this phenomenon remains difficult. TvCyP1 was also shown to regulate the level of Myb3 on V Myb [20] , indicating that Myb3 is a likely substrate for TvCyP1.
In the present study, direct interaction between Myb3 and TvCyP1 was confirmed. A high molecular weight Myb3-interacting protein (Myb3IP hmw ) was identified. The role of TvCyP1 in membrane localization of Myb3 and the interaction of Myb3 with Myb3IP hmw were elucidated. Myb3 was persistently enriched in four discrete membrane fractions separated by differential and gradient centrifugation methods. Cellular activities that regulate membrane localization of Myb3 were demonstrated to involve the cis-trans interconversion of its Gly-Pro bonds catalyzed by TvCyP1. It remains unknown why and how Myb3 resides in multiple membrane compartments. Information generated from this study shall provide a handle for further investigation on these questions.
Results

Interaction between TvCyP1 and Myb3
The Myb1-binding protein, TvCyP1, was previously shown to form a protein complex comprising Myb1 and Myb3 [20] , indicating that TvCyP1 may also bind to Myb3. This speculation was investigated with a pairwise two-hybrid interaction assay [20] , in which pTRG-c22, a TvCyP1 encoding cDNA clone from two-hybrid screening using pBait-Myb1/R3(2)C, was reacted with a series of pBait plasmids (Fig. 1A) . A positive interaction was detected when pTRG-c22 was paired with pBait-Myb3 and pBait-Myb3/N, which respectively encode the full-length and the Nterminal structural regions of Myb3. The degree of interaction as measured by the number of colonies formed in the assay was substantially lower than that between pTRG-c22 and pBait-Myb1/R3(2)C, the positive control. An interaction was not detected in the pair pTRG-c22 and pBait-Myb3/C which encodes the C-terminal nonstructural region, nor in the pair pTRG-c22 and pBait-Myb1/R2R3(1), the negative control, indicating that TvCyP1 targets the N-terminal structural region of Myb3.
The interaction was then examined with a GST pulldown assay, in which equimolar amounts of GST, GST-TvCyP1, or GST-TvCyP1(R63A), an enzyme activity-deficient mutant [20] , were separately reacted with His-Myb1 and His-Myb3 (Fig. 1B, left panel) . The pull-down products were examined by western blotting using an anti-6xHis antibody (Fig. 1B right  panel) . A~32-kDa doublet band of His-Myb3 and a 30-kDa His-Myb1 were pulled down by GST-TvCyP1, but not GST. GST-TvCyP1(R63A) also bound to HisMyb3 with an affinity only slightly lower than that between GST-TvCyP1 and His-Myb3, but the interaction between GST-TvCyP1(R63A) and His-Myb1 was aborted. The binding of GST-TvCyP1 to His-Myb3 was inhibited in the presence of 5 lM cyclosporine A (Fig. 1C) . These observations suggest that the catalytic domain of TvCyP1 is essential for its binding to Myb3, but the motif in TvCyP1 that binds to Myb3 may differ slightly from that which binds to Myb1. . To examine this possibility, Gly 54 and Gly 72 in His-Myb3 were each individually or both simultaneously mutated to Ala. In the GST pull-down assay, GST-TvCyP1 bound to His-Myb3 at levels~3.5 and 5-fold higher than its binding to His-Myb3(G54A) and His-Myb3(G72A), respectively, but its binding to His-Myb3(G54A/G72A) was nearly aborted (Fig. 1D) , suggesting that Myb3 may have dual motifs with differential binding affinities to TvCyP1.
Gly-Pro bonds and subcellular localization of Myb3
Since conformational switch of the Gly-Pro bond in Myb1 is crucial for its subcellular distribution and nuclear translocation [20] , the Gly-Pro bonds in Myb3 Fig. 1 . Interaction between TvCyP1 and Myb3. In (A) a pairwise bacterial two-hybrid assay was performed to study the interaction between TvCyP1 and Myb3. In this assay, pBait plasmids encoding various regions of Myb3 and Myb1 as depicted on the left side of the panel were each reacted with the TvCyP1-encoding plasmid, pTRGc22. The relative strength of the interaction as revealed by colony formation in each assay (À, no colony formation; ++, 50~200; +++, >300 colonies) is summarized at the right side of the panel. Helical structures in the DNA-binding domain of Myb proteins are depicted as helices at the top. Relative locations of the Gly-Pro bonds are indicated. In (B-D) a GST pull-down assay was performed to study the interaction between TvCyP1 and Myb3. In this assay, equimolar amounts of GST, GST-TvCyP1, and GST-TvCyP1(R63A) (B, left panels) were each incubated with purified His-Myb3 (B-D) or His-Myb1 (B) in the presence (C) and absence of 5 lM cyclosporine A (CsA). In D, Gly 54 and Gly
72
in His-Myb3 were each individually or both mutated to Ala to produce the His-tagged recombinant proteins: G54A, G72A, and G54A/G72A. Equivalent amounts of these proteins (D, left panel) were each reacted with GST or GST-TvCyP1. The reaction products and 10% input of His-Myb1 and His-Myb2 were separated by SDS/PAGE in 12% gels in duplicate for Coomassie blue staining (B and D, left panels) and western blotting (B and D, right panels, C) using the anti-6xHis antibody (a-6xHis). Molecular weights are indicated at the left side of each panel. Relative intensities of the protein bands in western blotting from three independent experiments are quantified as shown in the histogram, with P < 0.05 (*) and P < 0.01 (**). Error bar represents the standard deviation (n = 3).
may exert similar effects on Myb3. To test this possibility, a transgenic system overexpressing HA-Myb3 in T. vaginalis was used to study potential roles of TvCyP1-binding motifs in Myb3. In this system, Gly 54 and/or Gly 72 in HA-Myb3 were mutated to generate Myb3(G54A), Myb3(G72A), and Myb3(G54A/G72A). Cell lines overexpressing mutant proteins were established. When examined by immunofluorescence assay using the anti-HA antibody ( Fig. 2A) , Myb3(G54A) and Myb3(G72A) were each localized to nuclei at levels similar to HA-Myb3, but each mutant protein also exhibited weak punctate signals in the cytoplasm at levels higher than that of the wild-type protein. On the contrary, Myb3(G54A/G72A) was exclusively detected in the cytoplasm as punctate signals at a much higher level than Myb3(G54A) or Myb3(G72A). To study subcellular localization of these punctate signals, fixed cells were double-stained with anti-HA and 12G4 antibodies, the latter of which reacted with malic enzyme, a hydrogenosomal marker (Garcia et al., 2003) (Fig. 2B ). HA-Myb3 was mostly localized to nuclei with weak punctate signals in the cytoplasm, while Myb3(G54A/G72A) was largely colocalized with malic enzyme in hydrogenosomes (Fig. 2B) , suggesting that Myb3 is associated with hydrogenosomes.
To validate these unusual findings, localization of Myb3(G54A/G72A) was examined by immunoelectron microscopy. Gold particles were observed on the surface of 14 of 44 hydrogenosomes examined in samples from transgenic parasites (Fig. 2C-a) , but not seen in a total of 15 hydrogenosomes examined in controls. Gold particles were also observed in peripheral areas of some cytoplasmic vesicles in 5 of 23 parasites examined (Fig. 2C-b) . The gold particles were also observed, but to lesser extents, on outer membranes of membrane-bound structures that enclose vesicles (Fig. 2C-c) in four of five such structures examined, as well as on the outer surfaces of vesicles enclosed within multivesicular body-like structures ( Fig. 2C-d) in two of three such structures examined in samples from transgenic, but not control, parasites. Given that Myb3 has a low abundance, and only a tiny fraction of an organelle surface on the thin section was accessible to the antibody, it is plausible that gold particles were detected in a small fraction of hydrogenosomes or vesicles examined. A total of 79 and 6 gold particles were respectively detected in the cytosol and nuclei of samples from transgenic parasites, but one or none in the control, from a total of three cells examined in thin sections. These observations suggest that Myb3 probably resides on outer surfaces of multiple organelles and vesicles aside from the cytosol and the nucleus.
The Myb3 protein complex
Aside from TvCyP1, Myb3 may interact with other proteins, like protein kinase A [21] , for its function. To study these proteins, HA-Myb3 from the transgenic cell line and control was immunoprecipitated from cell lysates. The pulled down samples were separated by SDS/PAGE and stained by SyproRuby (Fig. 3A) . Selected proteins were processed for the protein identification by mass spectrometry. A 170-kDa Myb3-interacting protein (Myb3IP hmw ) (A2E926) and a 72-kDa heat shock protein (TvHSP72) (A2EY23) [20] among others were identified in samples from transgenic cell line but not in control (Fig. 3A) . Sequence analysis shows that TvHSP72 shares 64% sequence identity with human HSP70 (Fig. 3B) , indicating that it belongs to the HSP70 family. On the other hand, the C termini of Myb3IP hmw (aa 1039~1568) and a reputed glycosyltransferase from the ciliate, Oxytricha trifallax, share~45% sequence identity (Fig. 3C ). To further study potential roles of these two proteins in the assembly of Myb3 protein complex, the recombinant proteins derived from the N terminus of Myb3IP hmw and TvHSP72 were produced for the production of antibodies. The specificity of the antiMyb3IP hmw or anti-TvHSP72 antibody was validated by the western Blotting with the identification of ã 170-kDa Myb3IP hmw and a~72-kDa TvHSP72 in total lysate (Fig. 3D) .
To study whether Myb3 directly interacts with Myb3IP hmw or TvHSP72, plasmids expressing GSTMyb3 and full-length His-Myb3IP hmw recombinant proteins were constructed in this study. With several attempts, GST-Myb3 was always partially degraded (Fig. 3E) . Unfortunately, full-length Myb3IP hmw could not be expressed in Escherichia coli, regardless of varying hosts and induction conditions (data not shown). We therefore used His-Myb3IP hmw in the GST pull-down assay. GST or GST-Myb3 was each reacted with His-Myb3IP hmw or His-TvHSP72. The pull-down products were assayed by western blotting using the anti-His antibody (Fig. 3F) . HisMyb3IP hmw and TvHSP72 were detected in samples pulled down by GST-Myb3, but not in control, suggesting that Myb3 directly binds to Myb3IP hmw and TvHSP72.
Membrane distribution of Myb3
Since Myb3 was localized to various organelles in the parasite (Fig. 2C) , it is desirable to purify organelle fractions enriched in Myb3 for further biochemical characterizations. Toward this aim, cell lysates were firstly separated by differential centrifugation into soluble (S100) and pellet (P15 and P100) fractions (Fig. 4A) , and P15 and P100 were further fractionated by gradient centrifugations ( Fig. 4B and C left panels). The thick fluffy material on top of the P15 gradient ( Fig. 4B) , which was previously shown to contain TvCyP1, but without detectable Myb1 or Myb3 [20] , was carefully removed. Fractions were collected from the top for protein quantification by a Bradford assay ( Fig. 4B and C, middle panels) and samples from equivalent amounts of cells were used for western blotting ( Fig. 4B and C right panels). In fractions separated from P15 (Fig. 4B , right panel), Myb3 was detected in fractions 1 and 2, previously referred to as V Myb , along with Myb1 and TvCyP1 [20] . Intriguingly, Myb3, but not Myb1, was also detected in hydrogenosomal fractions 5-7 along with TvCyP1 and pyruvate ferrodoxin oxidoreductase [22, 23] . In fractions In (A) total lysates from cells overexpressing HA-Myb3 were purified by immunoprecipitation using anti-HA beads, and immunoprecipitants were denatured by 19 SDS sample buffer, separated by SDS/PAGE, and stained by SyproRuby. Selected protein bands as indicated by arrows were excised, and digested by trypsin. The peptides eluted from gel were processed for LC-MS/MS analysis. The gene accession number for each protein identified is indicated in parenthesis. In (B) sequence alignments of TvHSP72 and human HSP70 (hHSP70, Q53GZ6). In (C) sequence alignments of Myb3IP hmw and a glycosyltransferase (OGT, J9HYC3) from the ciliate, Oxytricha trifallax. In (D) total lysates from T. vaginalis T1 cells were separated by SDS/PAGE in a 12% gel for western blotting using the rat anti-Myb3IP hmw (30009) or anti-TvHSP72 (10 0009) antibody. In E, purified GST-Myb3 (lane 2) was analyzed by Coomassie blue staining (left panel) and western blotting using the anti-Myb3 antibody (10 0009) (right panel). GST-Myb3 bands are indicated by triangles. Lysates from Escherichia coli (lane 1) were used as control. In F, equimolar amounts of GST and GST-Myb3 were each reacted with Myb3IP hmw or TvHSP72. Pull-down samples were analyzed by western blotting using the anti-His antibody. Molecular weights are indicated at the left side of the panels.
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To study whether Myb3 resides on the outer surface or within the organelles, a protease protection assay was used (Fig. 4D) . In this assay, samples were digested with protease K in the presence and absence of Triton-X100. As shown by western blotting, a hydrogenosomal HSP70 [24] was kept intact or degraded in the absence or presence of detergent, respectively, but Myb3 was degraded with or without detergent, suggesting that Myb3 resides on outer membranes of hydrogenosomes, whereas the hydrogenosomal HSP70 resides within. Myb3 in the P100/ Myb3IP hmw , P100/Myb1, and V Myb fractions was also digested by protease in the absence of detergent, indicating that it may reside on the surfaces of organelles or vesicles in these fractions. Myb1 in P100/Myb1 was completely digested without detergent, indicating that it can likely reside on the outer surfaces of membrane compartments enriched with P100/Myb1. Myb3IP hmw was digested by protease in the absence of detergent, indicating that it may reside on the outer surfaces of membrane compartment(s) enriched in P100/ Myb3IP hmw .
The roles of Gly-Pro in the membrane distribution of Myb3
Myb1 was restrained in membrane structures when its Gly-Pro bond was disrupted [20] , suggesting that the same bond in Myb3 may also regulate membrane localization of Myb3. To test this hypothesis, postnuclear lysates from transgenic and nontransgenic cells were separated by differential centrifugation into S100, P15, and P100 fractions for western blotting (Fig. 5A) . The 32-kDa HA-Myb3 was detected at similar levels in P100 and S100, but at a much lesser extent in P15. In samples from S100, only the major form of HAMyb3 was detected, but in those from P15 and P100 a 30-kDa band was also detected. Since the calculated molecular weight of HA-Myb3 is~29 kDa [13] , the 32-kDa HA-Myb3 is likely post-translationally modified. In these fractions, Myb3(G54A) was detected at levels similar to HA-Myb3, but much lower than Myb3(G72A) or Myb3(G54A/G72A). Since the same expression vector was used in the study, the accumulation of Myb3(G72A) and Myb3(G54A/G72A) in P15, P100, and S100 may have been due to slower trafficking of mutant proteins than HA-Myb3 through these cellular compartments.
To investigate the role of each Gly-Pro bond in the membrane distribution of Myb3, P15, and P100 from transgenic cells were further fractionated by gradient centrifugations, and pooled fractions as defined above were separated in the same gel for western blotting (Fig. 5B) . In this assay, equal amounts of samples in each pooled fraction were loaded for comparison. The 32-kDa HA-Myb3 was detected at a level slightly higher in V Myb than hydrogenosomes, but this band was detected as having two additional bands at 30-and 34-kDa in samples from P100/Myb3IP hmw and P100/Myb1. Similar amounts of HA-Myb3 and Myb3 (G54A) were detected in samples from V Myb , P100/ Myb3IP hmw , and P100/Myb1, but Myb3(G54A) was detected in hydrogenosomes at a much higher level than HA-Myb3. On the other hand, Myb3(G72A) in V Myb was detected at a level similar to HA-Myb3 or Myb3(G54A), but its levels in hydrogenosomes, P100/ Myb3IP hmw , and P100/Myb1 were much higher than those of HA-Myb3 and Myb3(G54A). The highest levels of Myb3(G54A/G72A) were detected in all four fractions examined. These observations suggest that the cis-trans interconversion of Gly-Pro 73 bonds may exert differential effects on the passage of Myb3 through particular membrane compartments.
The roles of Gly-Pro bonds in the formation or dissociation of Myb3 protein complex
Since protein conformation is crucial in proteinprotein interaction [25] , the roles of conformational switches conferred by the Gly-Pro bonds in Myb3 complex formation was examined. To do this, cell lysates from transgenic cell lines overexpressing HAMyb3, Myb3(G54A), Myb3(G72A), Myb3(G54A/ G72A), and nontransgenic control were prepared. In samples from the transgenic cell lines, equivalent amounts of HA-Myb3 and its derived mutants were detected by western Blotting, whereas similar levels of Myb3IP hmw and TvHSP72 were detected in all samples, indicating that overexpression of HA-Myb3 or derived mutants had little impact on overall expression of selected Myb3-interacting proteins (Fig. 6, left  panel) . The same samples were immunoprecipitated by the anti-HA antibody, and the amount of Myb3 and mutant proteins in these samples were normalized for western blotting. In the blots, Myb3IP hmw and TvHSP72 were each detected at much higher levels in samples associated with Myb3(G72A) and Myb3 (G54A/G72A) than those associated with HA-Myb3 and Myb3(G54A) (Fig. 6, right panel) ; however, TvCyP1 was beyond detection in these samples. Fig. 4 . The distribution of Myb3 in distinct membrane fractions. In (A) the purification of Myb3-enriched organelles as described in the Materials and Methods is depicted. Supernatant and pellet after centrifugation is abbreviated as Sup and P, respectively, with a number in the parenthesis indicating the centrifugation force applied. In (B and C) crude membrane fractions, P15 and P100, were further fractionated by gradient centrifugations, and 200-lL aliquots were collected from the top of each gradient (left panel), except that a thick layer of fluffy material (B) on top of the P15 gradient was carefully removed before sampling. The protein concentration in each fraction was determined by Bradford assay and plotted against the fraction number (middle panel). Equivalent volumes of samples from each fraction were used for western blotting (right panel) to detect selected proteins as indicated beside the right panels. In D, samples from pooled fractions as indicated on top were examined by a protease protection assay. In this assay, samples were digested by protease K with or without permeation with 0.5% Triton X-100. The reaction products were examined by western blotting to detect selected proteins as indicated at the right side of each panel. Molecular weights are indicated at the left side of the panels.
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The FEBS Journal 285 (2018) 929-946 ª 2017 Federation of European Biochemical Societies It remains elusive whether these Myb3-interacting proteins are in the same or distinct protein complexes. Consistent results were obtained from three separate experiments. Given that Myb3IP hmw was mostly enriched in specific membrane fractions within a narrow range of buoyant densities (Fig. 4C) and TvHSP72 was extensively distributed in various subcellular compartments, in which it was demonstrated to form protein complexes comprising TvCyp1 and Myb3 in soluble cytosol [20] , our observations suggest that conformational switches conferred by individual Gly-Pro bonds may exert differential impacts on the formation of Myb3 protein complex.
TvCyP1 and membrane distribution of Myb3
As shown in an earlier study [20] , overexpression of HA-TvCyP1 and TvCyP1(R63A) exerted little effect on the overall expressions of Myb1 and Myb3 in total cell lysates, but levels of Myb1 and Myb3 in P15 and P100 were much lower in samples from cells overexpressing HA-TvCyP1 than in TvCyP1(R63A) and the control (Fig. 7A) . To further define the role of TvCyP1 in the membrane trafficking of Myb3, pooled fractions as described above were prepared for western blotting (Fig. 7B) . In V Myb , Myb3 was detected as a 30-kDa band at similar levels in the control and , and Myb3(G54A/G72A) as indicated on top of the panels were separated into P15, P100, and S100 fractions by differential centrifugation. The purity of each fraction was validated using Tv14-3-3, TvCyP2, and Myb3IP hmw as respective markers for S100, P15, and P100. In (B) P15 and P100 from transgenic cells were further fractionated by gradient centrifugation. Samples from pooled fractions as indicated on top of the panels were examined by western blotting using various antibodies to detect proteins indicated at the right side of each panel. Molecular weights are indicated at the left side of each panel. Relative intensities of the protein bands in western blotting from three independent experiments are quantified as shown in the histogram, with P < 0.05 (*) and P < 0.01 (**). Error bar represents the standard deviation (n = 3). Molecular weights are indicated at the left side of the panels.
TvCyP1(R63A) samples, but it was not detected in HA-TvCyP1 samples. In hydrogenosomal fractions, the 30-kDa Myb3 and the 70-kDa hydrogenosomal HSP70 were detected at similar levels among different samples, but Myb1 was not detected. In P100/ Myb3IP hmw , Myb3 was detected as 28-and 30-kDa doublet bands and a 32-kDa minor band in the control, but it was only detected as a minor 28-kDa band in HA-TvCyP1 samples and a major 32-kDa band in TvCyP1(R63A) samples. Myb1 was detected in TvCyP1(R63A) samples, but not in HA-TvCyP1 samples or in the control, while Myb3IP hmw was detected at similar levels in all of these samples. In P100/Myb1, Myb3 was detected as a major 30-kDa and a minor 32-kDa doublet in the control, and a 32-kDa band in TvCyP1(R63A) samples, but not in HA-TvCyP1 samples. Myb1 was detected at a level much higher in TvCyP1(R63A) samples than in the control, but not in HA-TvCyP1 samples. These results suggest that TvCyP1 may regulate release of Myb1 and Myb3 from the surfaces of P100/Myb3IP hmw , P100/Myb1 and V Myb , but not from hydrogenosomes.
TvCyP1 and formation of Myb3 protein complexes
Since Gly-Pro bonds in Myb3 is crucial for the formation of Myb3 protein complexes (Fig. 6) , the involvement of TvCyP1 in this cellular process was further studied. To do this, cell lysates from control and transgenic cells overexpressing HA-TvCyP1 or TvCyP1 (R63A) were examined by western blotting (Fig. 8A  left panel) . Similar amounts of HA-TvCyP1 and TvCyP1(R63A) were detected in samples from transgenic cell lines, and Myb3 and TvHSP72 were detected to similar levels in all samples. Interestingly, Myb3IP hmw was detected to a substantially lower level in samples from transgenic cell line than control, implying a possible regulation of TvCyP1 in the expression of Myb3IP hmw . The same samples were immunoprecipitated by the anti-HA antibody for western Blotting (Fig. 8A right panel) . In this blot, Myb3, Myb3IP hmw , or TvHSP72 were detected at a level higher in samples from cells overexpressing R63A than HA-TvCyP1. Consistent results were obtained from three separate experiments, implying that TvCyP1 may regulate the dissociation of Myb3IP hmw and TvHSP72 from the Myb3 protein complexes. The GST pull-down assay was further explored to test whether TvCyP1 directly interacts with Myb3IP hmw or TvHSP72 to form protein complex. In this assay, GST-TvCyP1 and GST-R63A were each reacted with His-Myb3IP hmw (1-388) or His-TvHSP72, and the pull-down products were assayed by western blotting using the anti-His antibody (Fig. 8B) . Similar levels of His-Myb3IP hmw (1-388) were detected in samples pulled down by GST-TvCyP1 and GST-R63A, whereas the level of His-TvHSP72 pulled down by GST-TvCyP1 was twofold higher than that pulled down by GST-R63A (Fig. 8B) , suggesting that TvCyP1 may bind to the N terminus of Myb3IP hmw or TvHSP72 in an enzyme-independent or -dependent manner, respectively.
Together, our observations suggest that TvCyP1 may catalyze serial conformational switches of Myb3 for the assembly of Myb3 protein complex, which may play important roles in the transit of this transcription factor through various cellular compartments toward the nucleus (Fig. 9) .
Discussion
Although our knowledge of the functions of Myb1, Myb2, and Myb3 in T. vaginalis is limited to their coordinated roles in transcription initiation of an ap65-1 gene [13] [14] [15] 26] , biochemical properties of these proteins have provided valuable tools for studying intriguing cell biology of this primitive eukaryotic cell, especially as to signal transduction and protein nuclear translocation [18] [19] [20] 21] . In the present study, the Fig. 6 . The integrity of the Gly-Pro bonds and the complex formation of Myb3. Total lysates (TL) extracted from transgenic cells overexpressing HA-Myb3 (Wt), Myb3(G54A), Myb3(G72A), and Myb3 (G54A/G72A) and nontransgenic control were purified by immunoprecipitation (IP) using the anti-HA antibody. Samples were separated by SDS/PAGE in a 12% gel for western blotting, and the proteins identified are indicated at the right side of each panel. Average intensities of the protein bands from three independent experiments are quantified as shown in the histogram, with P < 0.05 (*) and P < 0.01 (**). Error bar represents the standard deviation (n = 3). Molecular weights are indicated at the left side of the panels. localization of Myb3 among multiple membrane compartments under the influences of cis-acting and transacting factors was elucidated as discussed below.
Earlier studies on the nuclear translocation of Myb2 and Myb3 in T. vaginalis showed that these proteins exploit conserved R2R3 repeats, which comprise six helices (H1-H6) arranged into two bundles [27, 28] , for DNA binding and nuclear import [18, 19] . A slight perturbation in secondary and tertiary structures caused by the mutation of a conserved Ile (Ile 74 in Myb2 and Ile 79 in Myb3) in H2 to Pro resulted in the cytoplasmic retention of the mutant protein and loss of DNA-binding activity, indicating that the helical structure is required for trafficking of Myb proteins toward nuclei and subsequent recognition of promoter elements. In addition to the structural constraint, conformational switches at local sites probably provide flexibility to fine tune trafficking of a Myb protein toward nuclei. This notion is supported by the effect of the TvCyP1-catalyzed cis -trans interconversion of a 106 Gly-Pro 107 imide bond in trafficking of Myb1 from V Myb toward soluble cytosol and nuclei [20] .
Similar to its effect on Myb1, TvCyP1 was shown to bind to Myb3 at the motifs spanning Gly-Pro 73 with differential binding affinities to catalyze cis-trans interconversions of both Gly-Pro bonds (Fig. 1D) . Unlike the binding of TvCyP1 to Myb1 [20] , the binding of TvCyP1 to Myb3 was slightly reduced with the abortion of its enzyme activity (Fig. 1) , implying that TvCyP1 may have an additional binding motif other than the enzyme pocket that displays differential binding activities for Myb1 and Myb3. In this regard, TvCyP1 was found to form a homo-dimeric structure (unpublished observations). The synthetic peptide that spans both Gly-Pro bonds could bind to TvCyP1, with each Gly-Pro bond contacting the gatekeeper residues in the S2 pocket in a molecule in the dimer. No interaction was detected when synthetic peptides that span only one of the GlyPro bonds were used. In contrast, the synthetic peptide spanning the Gly-Pro motif in Myb1 could contact the gatekeeper residues in the S2 pocket of each TvCyP1 molecule in the dimer. Such a difference in binding modes may provide a handle to study why TvCyP1 displays a difference in recognition to Myb1 and Myb3. On the other hand, TvCyP1 had a much higher binding activity against full-length Myb3 (Fig. 1A) than Myb1 [20] in the pairwise two-hybrid assay, implying that Myb1 and Myb3 may have different structure constraints in binding to TvCyP1. Other than the conserved DNA-binding domains in the N Fig. 7 . Roles of TvCyP1 in the membrane distribution of Myb3. In (A) postnuclear lysates from transgenic cell lines overexpressing HA-TvCyP1, TvCyP1(R63A) and nontransgenic control (T1) as indicated on top of each panel were separated into S100, P15, and P100 fractions by differential centrifugation. The purity of each fraction was validated using Tv14-3-3, TvCyP2, and Myb3IP hmw as respective markers for S100, P15, and P100. In (B) P15 and P100 from transgenic cells were further fractionated by gradient centrifugation. Samples from pooled fractions as indicated on top of each panel were examined by western blotting using various antibodies to detect selected proteins as indicated at the right side of each panel. Molecular weights are indicated on the left side of each panel. Relative intensities of the protein bands in western blotting from three independent experiments are quantified as shown in the histogram, with P < 0.05 (*) and P < 0.01 (**). Error bar represents the standard deviation (n = 3). Molecular weights are indicated at the left side of the panels. Fig. 8 . Enzyme activity of TvCyP1 and the complex formation of Myb3. In (A), total lysates (TL) from cells overexpressing HA-TvCyP1, HATvCyP1(R63A) and nontransgenic control were purified by immunoprecipitation (IP) using the anti-HA antibody. Protein samples were separated by SDS/PAGE in a 12% gel for western Blotting, and the proteins identified are indicated at the right side of each panel. In (B), equimolar amounts of GST and GST-TvCyP1 were separately incubated with Myb3IP hmw or TvHSP72. Pull-down samples were analyzed by western blotting using the anti-His antibody. Molecular weights are indicated at the left side of the panels. Relative intensities of the protein bands in western blotting from three independent experiments are quantified as shown in the histograms, with P < 0.05 (*) and P < 0.01 (**). Error bar represents the standard deviation (n = 3). terminus, the structure of Myb3 differs from that of Myb1 in the unique b sheet and a relatively long nonstructural tail in the C terminus [28, 29] . Whether such structural components contribute to different binding properties of TvCyP1 to Myb1 and Myb3 remains unknown. A cross-linking strategy is currently explored to study the interacting motifs in TvCyP1 that mediate the binding to Myb1 and Myb3 by mass spectrometry. In addition, the binding of Myb3 to TvCyP1 was aborted by double mutations of Gly to Ala (Fig. 1D) , and the double mutant was retained on the surfaces of hydrogenosomes and some other illdefined organelles in transgenic cells (Fig. 2C) . To study these intriguing observations, organelle fractions were purified from P15 and P100 for the biochemical studies (Fig. 4) . In this regard, Myb3 was persistently detected in P100/Myb3IP hmw , P100/Myb1, V Myb , and hydrogenosomal fractions (Fig. 4) . For the convenience of discussion, the nomenclature sometimes refers to the corresponding membrane compartments in the text below.
As shown by site-directed mutagenesis (Fig. 5) , 72 Gly-Pro 73 seems to play a much greater role than 54
Gly-Pro 55 in the passage of Myb3 through P100/ Myb3IP hmw and P100/Myb1, but either bond is sufficient, and both are essential for the passage of Myb3 through V Myb and hydrogenosomes, respectively. The differential effects may be due to the existence of two Gly-Pro bonds that allow a Myb3 molecule to exist in one of four conformations for binding to or dislodging from TvCyP1 at a particular membrane compartment. Each Gly-Pro bond so far studied in Myb1 and Myb3 resides in a short loop connecting two helices [28, 29] . It is possible that active sites in Myb3 for the access of its interacting partners are exposed or hidden upon such conformational switches to regulate Myb3 trafficking through membrane compartments. Since TvCyP1 was only involved in the association of Myb3 with the endomembrane compartments (Figs 7,8) , a second TvCyP may reside on the surface of hydrogenosomes to mediate the release of Myb3 from this organelle. Nuclear translocation of Myb3 from soluble cytosol may also involve conformational switches conferred by both Gly-Pro bonds as implied by the exclusion of Myb3(G54A/G72A) from the nuclei and its accumulation in S100 (Fig. 5A) . As shown by the roles of TvCyP1 in the membrane distributions of Myb1 and Myb3, these Myb proteins likely share a common regulatory mechanism for passing through the endomembrane compartments (Fig. 7) . In contrast, Myb2, which was also enriched in V Myb and other membrane fractions [20] , contains no Gly-Pro motif [27] , implying that membrane trafficking of Myb2 is regulated by a different mechanism. Since the genome of the parasite encodes over 400 Myb-like proteins [30] , the presence or absence of such motif(s) in Myb proteins may have important biological implications.
TvHSP72 and Myb3IP hmw may each directly interact with TvCyP1 and Myb3 to form distinct protein complexes (Figs 3,6 and 8) . As a member of the HSP70 family (Fig. 3B) , TvHSP72 in the protein complex may serve as a chaperon for correct folding of Myb3 or a cochaperon in TvCyP1-mediated conformational switches of Myb3 (Figs 6 and 8) . In contrast, glycosyltransferase activity assay was performed as described elsewhere [31] , but the activity was not detected in P100/Myb3IP hmw membrane fractions (unpublished observations). The role of Myb3IP hmw in the protein complex remains elusive.
Based on differential subcellular localizations of Myb3IP hmw and TvHSP72 [20, 21] , and the presence of trace amounts of Myb3IP hmw on the surface of various organelles like that enriched in P100/Myb1 and others ( Fig. 4 and unpublished observations) , it is tempting to speculate that Myb3 binds to Myb3IP hmw on the surface of various organelles for the assembly or disassembly of distinct protein complexes (Fig. 9) . TvCyP1 on the same membrane compartment is then recruited to dislodge Myb3 from the complex through its effect on conformational switches of Myb3. The speculation is favored by the likelihood of Myb3, TvCyP1, and Myb3IP hmw to form a protein complex and the tendency of Myb3 to dissociate from the protein complex in a manner depending on enzyme activity of TvCyP1 (Figs 6 and  8) . Interestingly, Myb3 were detected in multiple sizes, with smaller ones enriched in various membrane fractions (Figs 5 and 7 ; also unpublished observations). The size distributions were affected by the Gly-Pro bonds in cis and TvCyP1 in trans, suggesting that Myb3 may go through membrane compartments for post-translational modifications before reaching cytosol. This speculation is consistent with the findings that phosphorylation of Thr 109 , a potential casein kinase II site, in Myb3 is involved in the transition of Myb3 from some membrane compartments to cytoplasm (unpublished observations). In the cytosol, Myb3 may bind to preformed TvCyP1/TvHSP72 complex and undergoes another conformational switch and post-translational modification before loading into transportation machinery for protein nuclear import [21] . In this regard, the interaction between Myb3 and protein kinase A that leads to the phosphorylation and subsequent ubiquitination of Myb3, respectively, at Ser 155 and Lys 143 were previously demonstrated to be crucial for iron-inducible nuclear translocation of Myb3 from cytoplasm [21] .
In summary, TvCyP1 was demonstrated to mediate the cis-trans interconversion of two Gly-Pro bonds in Myb3 for the transitions of Myb3 from cytoplasmic membrane compartments to reach the nucleus, where it may activate timely transcription of the virulence gene, ap65-1. Unusual localizations of Myb3 and TvCyP1 to various endomembrane compartments and hydrogenosomes may provide a handle to study functional link between the endomembrane compartments and hydrogenosomes in the primitive eukaryote.
Experimental procedures
Cultures
Trichomonas vaginalis T1 was maintained in TYI medium supplemented with 10% calf serum as previously described [32] . Cells with an initial density of 10 5 cellsÁmL À1 were grown overnight to 1.5 9 10 6 mL
À1
for experiments.
DNA transfection and selection of stable transfectants
Plasmids were electroporated into T. vaginalis, and stable cell lines were selected by paromomycin as previously described [32] .
Oligonucleotides
Sequences of the oligonucleotides used in this study are listed in Table 1 unless otherwise specified in the text.
Two-hybrid protein-protein interaction assay
The plasmids, pBait-Myb1/R2R3(1), pBait-Myb1/ R2R3(2), and pTRG-c22, were obtained from an earlier study [20] . pBait-Myb3(N) and pBait-Myb3(C) were constructed as described below. In this assay, a pBait-based plasmid was cotransformed with pTRGc22 into Escherichia coli, and plated on selective screening medium containing 5 mM of 3-amino-1,2, 4-triazole as described by the supplier (Stratagene). Positive clones from each reaction were counted as an index for the strength of the interaction.
Construction of plasmids
To construct baits for testing the interaction between Myb3 and TvCyP1 using a bacterial two-hybrid system (Stratagene), DNA fragments spanning various regions of the Myb3 coding sequence (see Fig. 1A ) were each amplified from pET28b-Myb3 [13] by a polymerase chain reaction (PCR) using a primer pair, NotI-(x)-pBT-5 0 and XhoI-(y)-pBT-3
0 (x and y indicate the location of the N-and C-terminal aa, respectively). The PCR product was gel purified and cloned into pGEM-T Easy (Promega). The NotI and XhoI inserts were cloned into a NotI/XhoI-restricted pBT backbone to produce pBaitMyb3, pBait-Myb3/N, or pBait-Myb3/C (Fig. 1A) .
A site-directed mutagenesis kit as described by the supplier (TOYOBO) was used to mutate Gly 54 and/or Gly 72 to Ala in HA-Myb3 encoded in pAP65-2.1-ha-myb3 [19] . In this procedure, the primer pair, Myb3-(GnA) Table 1 . Sequences of oligonucleotides used in this study. The restriction site in the primer is underlined, whereas the mutated site is boxed.
pAP65-2.1-ha-myb3(G54A), pAP65-2.1-ha-myb3 (P72A), or pAP65-2.1-ha-myb3(G54A/G72A).
To express His-Myb3 mutant proteins, DNA fragments were amplified from pAP65-2.1-ha-Myb3 (G54A), pAP65-2.1-ha-Myb3(P72A), and pAP65-2.1-ha-Myb3(G54A/G72A) by a PCR using the primer pair, myb3-salI-5 0 /myb3-notI-3 0 , as previously reported [13] . The PCR products thus produced were each digested with SalI/NotI, and subcloned into a SalI/ NotI-restricted pET28b-Myb3 backbone to generate pET28b-Myb3(G54A), pET28b-Myb3(G72A), and pET28b-Myb3(G54A/G72A).
The DNA encoding aa 1-388 of Myb3IP hmw (A2E926) was amplified from T. vaginalis genomic DNA by PCR using primer pair Myb3IPhmw-SalI-5 0 and Myb3IPhmw-NotI-3 0 , and that encoding fulllength TvHSP72 (A2EY23) by TvHSP72-SalI-5 0 and TvHSP72-NotI-3 0 . The PCR products were gel purified, digested by SalI/NotI, and subcloned into pET28b backbone predigested by SalI/NotI to generate pET28b-Myb3IP hwm (1-388) and pET28b-TvHSP72 plasmids for the production and purification of His-Myb3IP hmw (1-388) and His-TvHSP72.
To study the interaction between Myb3 and its interacting proteins, a plasmid expressing GST-Myb3 was constructed. In brief, a DNA fragment spanning the coding region of Myb3 was amplified form pET28b-Myb3 [13] by PCR using the primer pair, BglII-Myb3-5 0 and XhoI-(250)-pBT-3 0 . The PCR product and the vector pGEX-5X-1 (GE Healthcare Life Sciences) were each digested by BglII/XhoI and gel purified. The two DNA fragments were ligated to generate pGST-Myb3.
Production and purification of recombinant proteins
GST-TvCyP1, GST-TvCyP1(R63A), GST-Myb3, HisMyb3, His-Myb3(G54A), His-Myb3(G72A), His-Myb3 (G54A/G72A), His-Myb3IP hmw , and His-TvHSP72 were produced in the Escherichia coli expression systems and purified as described in a previous report [20] .
GST pull-down assay
The GST-tagged and His-tagged proteins were produced and purified for a GST pull-down assay as previously described [20] .
Immunofluorescence assay
Immunofluorescence assay was performed as previously described [20] . In brief, the primary reaction was performed using the following antibodies: mouse (4009) (HA-7, Sigma) or rat anti-HA (2009) (3F10, Roche, Basel, Switzerland), mouse anti-TvCyP1 (12009), rat anti-TvCyP1 (12009) [20] , mouse 12G4 (5009) (a gift from John Alderete, Washington State University, Pullman, WA, USA) [12] , rabbit antihydrogenosomal HSP70 (10009) (a gift from Patricia J. Johnson, UCLA Molecular Biology Institute, Los Angeles, CA, USA) [24] , and rabbit anti-PFO (10009) (a gift from Rossana Arroyo, CINVESTA, Mexico City, Mexico) [22, 23] , as specified in the text. A secondary reaction was performed using FITC-or Cy3-conjugated goat anti-mouse, rat, or rabbit IgG antibody (Jackson Immunoresearch). Nuclei were stained with DAPI in mounting medium (Vector Laboratories). Fluorescent signals were recorded by confocal microscopy (LSM700, Zeiss) and cell morphology by phase-contrast microscopy.
Immunoelectron microscopy
Samples for immunoelectron microscopy were processed as previously described [11, 22] , but with some modifications. In brief, cells adhere to a polylysinecoated plastic film and were fixed in fixative containing 4% paraformaldehyde and 0.2% glutaraldehyde in 100 mM cacodylate (pH 7.2~7.4) at 4°C for 20 min. After serial dehydrations, samples were embedded in Spurr as described by the supplier (Electron Microscopy Sciences). Thin sections were washed in phosphate-buffered saline (PBS) and incubated in a blocking solution containing 3% BSA in 0.2% Tween-20 at room temperature. Samples were reacted with a mouse anti-HA antibody (309) at 4°C overnight, and then washed in a high-salt Tween buffer (HST) containing 0.5 M NaCl and 0.1% Tween-20 in 50 mM Tris-HCl (pH 7.5), and rinsed with PBS. Thin sections were reacted with a donkey anti-(mouse IgG) antibody conjugated with 12-nm gold particles (409) (Jackson Immunoresearch) at room temperature for 1 h. Sections were sequentially washed with HST and PBS, fixed in 1% glutaraldehyde, and sequentially washed with PBS and distilled water. Thin sections were stained with 1% osmium tetraoxide and 1% uranyl acetate. Images were captured with an electron microscope (JEM 1200-EX).
Differential and gradient centrifugations
Differential and gradient centrifugations were performed as previously described to fractionate cell lysates into various components [33] , with some modifications. Briefly, cells with a density reaching ~1.5 9 10 6 cellsÁmL À1 were harvested from~400-mL cultures by centrifugation at 60009 g at 4°C for 15 min (Beckman Coulter, Brea, CA, USA, JA10), and pellets were washed with 10 mL of cold PBS. Cells resuspended in 2 mL of lysis buffer (0.32 M sucrose, 10 mM Tris-HCl at pH 7.8, 2 mM MgCl 2 , 10 mM b-mercaptoethanol, 10 mM KCl, 1 mM EDTA, and 200 lgÁmL À1 TLCK), were kept on ice for 15 min and homogenized with a Dounce type homogenizer until >90% of cells were broken as observed under light microscopy. Nuclei and unbroken cells were removed by centrifugation at 10009g at 4°C for 15 min (Beckman, JA20). The postnuclear lysate was centrifuged at 15 0009 g at 4°C for 30 min (Beckman, JA20), and separated into P15 and S15. P15 was resuspended in 0.2 mL of a buffer (0.25 M sucrose, 1 mM EDTA, 10 mM Tris-HCl at pH 7.4, and 200 lgÁmL À1 TLCK), and layered on top of a step-wise (360 lL for each aliquot), with a 2% increasing concentration of gradient of 18%~36% OptiPrep TM as described by the supplier (Axis-Shield). Samples were centrifuged at 2x10 5 9 g at 4°C for 2 h (Beckman, SW60). The gradient was manually fractionated from the top every 250 lL with a pipette. S15 was then centrifuged at 100 0009 g and 4°C for 1 h (Beckman TLA100.3), and separated into P100 and S100. P100 was resuspended in 0.5 mL of lysis buffer by sonication using a sonicator (Misonix XL2020) set at strength 4 for 1 min with a 1-s on-off cycle. The suspension was mixed with 50% of OptiPrep TM stock to a final 10% concentration. The sample was then layered on top of a discontinuous OptiPrep TM (12%~30%) gradient and centrifuged at 353 0009 g and 4°C for 4 h (Beckman, SW60). The gradient was fractionated from the top manually every 200 lL with a pipette.
The protein concentration in each fraction from the P15 and P100 gradients was determined by a Bradford assay as described by the supplier (Bio-Rad Laboratories, Hercules, CA, USA). The protein concentration in each fraction was plotted against the fraction number (Fig. 4B,C) .
Immunoprecipitation
Trichomonas vaginalis cells recovered from 50 mL cultures by centrifugation (10009 g) at 4°C for 15 min (Beckman, GPR) were lysed in the PBS containing 1% TritonX-100 and 200 lgÁmL À1 of TLCK (PBST), and lysates were reacted with the mouse anti-HAconjugated agarose beads (Sigma) at 4°C for 3 h. The beads were recovered by a low speed centrifugation for a few seconds. Recovered beads were washed with PBST containing 200 lgÁmL À1 of TLCK for 10 min.
The washing step was repeated three times. The samples were boiled in 80 lL of 19 SDS sample buffer, and separated by SDS/PAGE in a 12% gel for Sypro Ruby staining or western blotting.
Protein identification by the liquid chromatography-coupled mass spectrometry (LC-MS/MS) Selected gel bands from SyproRuby staining were excised. Proteins in gel were digested by trypsin as described elsewhere (26) . Briefly, gel slices were cut into 1-mm squares and washed in 50 mM triethylammonium bicarbonate buffer (TEABC) and then TEABC/ACN (25 mM TEABC, 50% acetonitrile). The washing steps were repeated three times. The gel slices were reduced in 20 mM DTT at 56°C for 1 h, and alkylated in 55 mM iodoacetamide at room temperature for 45 min in dark before trypsin digestion at 37°C overnight. The extracted peptides were analyzed by the LC-MS/MS analysis (Orbitrap Elite).
Western blotting
Protein samples were separated by sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS/PAGE) in a 12% gel. Proteins were stained with Coomassie blue or transferred to polyvinylidene difluoride (PVDF) membranes (Millipore) by a semidry electroblotter for western blotting. The rat monoclonal anti-HA antibody (20009) was used as described by the supplier (3F10, Roche). Malic enzyme, Myb1, Myb3, TvCyP1, TvCyP2, Myb3IP hmw [20] , Tv14-3-3, hydrogenosomal HSP70, and pyruvate ferrodoxin oxidoreductase (PFO) were respectively detected using the mouse monoclonal 12G4 (10009) [12] , mouse antiMyb1 (10009) [14] , rabbit anti-Myb3 (30009) [13] , rat anti-TvCyP1 (50009) [20] , rat anti-TvCyP2 (10009) [20] , rat anti-Myb3IP hmw (30009), rat anti-TvHSP72 (10 0009), rat anti-Tv14-3-3 (10009, unpublished data), rabbit anti-hydrogenosomal heat shock protein 70 (50009) [24] , and rabbit anti-PFO (80009) [22, 23] antibodies. Signals were detected by an enhanced chemiluminescence (ECL) system as described by the supplier (Thermo Scientific). Relative intensities of signals were quantified and analyzed by MetaMorph software (Molecular Devices).
Statistical analysis
Differences in data collected between control and conditional samples were analyzed by Student's t-test, with P < 0.05 considered statistically significant.
